Fourteen gnotobiotic calves were killed 0.5 to ten days after infection with Newbury agent SRV-1 and the changes in small intestinal structure and function were assessed, qualitatively and quantitatively, by light microscopy, scanning and transmission electron microscopy, enzymology and xylose absorption.
calve^.^*^**^ Caliciviruses have been identified in association with piglet d i a x~h e a~. *~ and caliciviruses and morphologically similar viruses have been associated with acute nonbacterial gastroenteritis in
Materials and Methods
The virus, Newbury agent SRV-1, was isolated in gnotobiotic calves from feces obtained during an outbreak of diarrhea in calve^.^ Bacteria-free fecal filtrates were prepared,' divided into 3.0 ml aliquots, and stored at -70°C until used. This inoculum induced no serological response within three weeks of oral inoculation to any of the following viruses: the Compton-UK bovine rotavirus: bovine enteric coronavirus,' bovine astrovirus,s the Haden strain of bovine parvovirus and bovine virus diarrhea.
Sixteen 2 1 -day-old calves were used''. 15; calves (numbers 3 to 16) were given 3 ml of inoculum orally and calves 1 and 2 were uninoculated controls. Two calves were killed at 0.5, 0.75, 1, 2, 3, and 4 days after infection and single calves at 7 and 10 days after infection. Controls were killed at 21 days of age.
Occurrence of anorexia was investigated in seven infected calves by recording whether food remained unconsumed one hour after it had been presented. Fecal color was noted daily in all calves.
In calves killed one or more days after infection, xylose absorption was measured between 0900 hours and 1400 hours, immediately prior to infection or slaughter. Xylose absorption was measured once, before infection, in calves killed 0.5 and 0.75 days after infection, and once in controls. Seventeen hours after the last feed, calves were given 25 g of D-xylose, orally, which had been sterilized by exposure to 5 M rads ionizing radiation and dissolved in 250 ml mineral solution." A blood sample was taken before xylose administration and hourly for five hours afterwards. D-xylose in the blood was assayed23 as described previou~ly.'~ Plasma xylose concentration was plotted against time, and the area under the curve which represented total absorption over a five-hour period was measured with an image analyzer (Kontron, British American Optical Co. Ltd., Slough, U.K.). Absorption after infection was expressed as a percentage of absorption before infection.
Tissues for microscopy and enzymology were removed under pentobarbitone sodium anesthesia. Short lengths (approximately 0.1 m) of small intestine were ligated and filled with mercuric formol at ten sites referred to as duodenum and small intestine 1 to 9. Duodenum was sampled adjacent to the pylorus, small intestine 1 close to the ligament of Treitz (mean 6.5% of small intestinal length, range 4.1 to 12.5%) and small intestine 9 adjacent to ileocecal junction (mean 97.3% of small intestinal length; range 95.2 to 98.7%). Sites small intestine 2 to small intestine 8 were spaced as equally as possible between sites 1 and 9. Concurrently at sites 1, 5, and 9 similar lengths of intestine were ligated and filled with 0.1 M phosphate buffered 3% glutaraldehyde, pH 7.3. At all sites from the duodenum to small intestine 9, a 2-cm length of intestine was removed and divided into two samples; one sample was snap frozen in liquid nitrogen, stored at -18"C, and subsequently analyzed for p-galactosidase activity. The second sample was frozen and cryostat sections were cut and stained with Oil Red 0 for neutral fat or by immunofluorescence, vide infa. A lethal anesthetic overdose was given, and the small intestine was removed from its mesentery. Each ligated length of intestine containing fixative was removed and fixing was completed by immersion; the inter-site lengths were measured to obtain the precise position of each site and intestinal contents were collected for examination for the presence of viral particles. A necropsy examination was done, and samples of rumen, reticulum, omasum, abomasum, liver, gall bladder, pancreas, cecum, colon, lung, and spleen were fixed in mercuric formol which was replaced with 80% ethanol after 24 hours. Blocks of fixed tissue were dehydrated, embedded in paraffin, sectioned transversely at 5 pm, and stained with hematoxylin and eosin (HE). Sections were examined subjectively and measurements of mucosal morphology were made from those parts of a section in which the plane of section was along the villus-crypt axis. Using a camera lucida, magnified images of small intestinal sections were projected onto paper placed on a magnetized digitizer tablet (Kontron, British American Optical Co. Ltd.). Sections were viewed through the microscope and the outline of villi and crypts traced onto the paper with a 'light pen.' The drawings were interpreted by the analyzer as point coordinates and After immersion for one hour, a sub-sample of glutaraldehyde-fixed intestine was transferred to fresh fixative and trimmed to provide suitable blocks for examination by transmission electron microscopy. On the following day, blocks for transmission electron microscopy were processed as described previou~ly.'~ Pieces of intestine for scanning electron microscopy were stored in the original glutaraldehyde at 4°C for at least one week, washed in 0.2 M cacodylate-hydrochloric acid buffer (pH 7.2) for one to two hours and postfixed for 1 '/z hours in 1 % osmium tetroxide in the same buffer. They were washed in distilled water, dehydrated in a graded series of acetone-water mixtures, and subjected to critical point drying using liquid carbon dioxide. Specimens were mounted on aluminum stubs, coated with gold in a sputter coater, and examined in a scanning electron microscope.
After snap freezing, 6-pm cryostat sections were fixed in acetone for ten minutes, and air-dried. They were stained by an indirect method, with convalescent or hyperimmune antisera to Newbury agent raised in a gnotobiotic calf, and fluorescein-conjugated rabbit anti-bovine gamma globulin.
Paraffin sections were stained by an indirect immunoperoxidase method with antisera to Newbury agent SRV-1, vide supra and horseradish peroxidase-conjugated rabbit antibovine gamma globulin with 3, 3'-diaminobenzidine tetrahydrochloride as chromogen.
p-galactosidase activity in the mucosa' was expressed as Five grams of feces or gut contents were prepared for electron microscopy by differential centrifugation, followed by negative staining, as described previously.'
Results
No anorexia was apparent in calves 4, 6, 1 1, and 14 which were killed 0.5,0.75,3, and 4 days after infection. It was detected in calves 13, 15, and 16, commencing at one or three days after infection and lasting three to five days. Fecal color changed from dark brown to light yellow in calves 1 1 to 16; the color change occurred at two to four days after infection. Clinical observations of other calves infected with Newbury agent SRV-1 are published elsewhere. ' No abnormalities were detected in sections from control calves; the appearance of control villi was similar to that described previously.'* A few fine intracytoplasmic droplets of lipid were seen in enterocytes of one control calf in cryostat sections stained with Oil Red 0. No macrophages were seen in mucosal lymph vessels.
In infected calves, lesions were restricted to the anterior half of the small intestine; their seventy varied markedly in calves killed at the same time after infection. The more severely affected calves within pairs were 3, 5, 8, 12, and 13. Lesions first were detected in one (calf 3) of two calves killed 0.5 days after infection; groups of shortened conical villi were seen by stereomicroscopy among normal long finger-like villi. By scanning electron microscopy, degeneration and exfoliation of enterocytes on the sides of villi, either at the base or all over the villus, were seen. Separation of microvilli appeared to be the mildest change; more severely damaged cells were swollen and microvilli were few in number with abnormal shape and orientation ( fig. 2 ). Exfoliation appeared to result from extrusion of degenerate cells. Degenerate cells were identified by transmission electron microscopy as having reduced electron density, abnormal microvilli, and damaged cytoplasmic organelles ( fig. 3 ). No lesions were detected by light microscopy. At 0.75 days after infection, shortened villi, enterocyte exfoliation, and the presence of cuboidal and flattened enterocytes were seen in one (calf 5) of two calves. Abnormal enterocytes were located on the sides of villi, with mature enterocytes at the tips (figs. 4, 5) . Some villi were covered entirely by flattened enterocytes. The lamina propria was com-pressed slightly, appearing more cellular, and macrophages were seen in lacteals ( fig. 5 ). Changes seen by stereo and scanning microscopy were similar to those seen 0.5 days after infection.
The most severe lesions were seen at one day after infection (calf 8) when stereo, scanning, and light microscopy revealed severely stunted, fused, conical and leaf-shaped villi with, in some instances, exposure of the lamina propria at the tips, due to loss of enterocytes.
Remaining enterocytes were cuboidal and vacuolated (figs. 6, 7) . Intracytoplasmic lipid was demonstrated in vacuoles in enterocytes by Oil Red 0 and transmission electron microscopy. Macrophages, some degenerate, were numerous in lacteals and nuclear debris was seen in the lamina propria which was cellular and compressed markedly ( fig. 7) .
At three and four days after infection villi were stunted and appeared square in transverse section ( fig.  8 ). Abnormal enterocytes, which were vacuolated, swollen, and covered by distorted microvilli, appeared to be detaching from the tips of villi (figs. 8, 9) . Enterocytes covering tips of villi varied in size, had a disorderly arrangement, and appeared swollen ( fig. 8 ). In cryostat sections stained with Oil Red 0 and in sections examined by transmission electron microscopy, large amounts of lipid were seen as large droplets within these and exfoliating enterocytes. Normal columnar enterocytes were visible on the sides of villi towards the base ( fig. 9 ).
Vacuolated and abnormally shaped and arranged enterocytes were less numerous at the tips of villi in the calf killed seven days after infection and abnormal enterocytes were seen only occasionally on villi from the calf killed ten days after infection.
No viruses were seen by transmission electron microscopy in degenerate enterocytes exfoliating from the sides of villi early in the pathogenic process (0.5 to 0.75 days after infection) ( fig. 3 ), nor in macrophages in lacteals, nor in lipid-filled degenerate enterocytes exfoliating from the tips of villi later in the pathogenic process (2 to 7 days after infection).
Subjective scoring of the lesions indicated greatest severity in the anterior 30% of small intestine, least at 50% intestinal length, and absence more distally. Measurements of mean villus height at intervals along the small intestine ( fig. 10 ) illustrated the considerable variation between calves after infection. Villus height measurements at 10 and 30% intestinal length indicated shortened villi in some calves from 0.75 days on; villi consistently were stunted at two, three and four days Each bar represents mean of measurements from one calf. calves. Sections of tissue infected with bovine enteric coronavirus, bovine astrovirus, and 'bovine rotavirus did not immunostain following treatment with serum containing antibodies to Newbury agent. Specific immunostaining to Newbury agent was faint, intracytoplasmic, non-granular, and limited to individual enterocytes. Infected cells were detected from 0.5 to three days after infection and were most numerous in the jejunum (table I) . Additional sections of duodenum, nine small intestinal sites, cecum, and colon were examined from calf 7 where staining was most intense. Infected cells were most numerous in the anterior 33% of small intestine and were absent beyond 70% of small intestinal length. Early in the disease process infected cells most frequently were seen on the sides of villi, especially towards the base. Infected cells were seen at tips of severely stunted villi; no infected crypt cells were seen. Calici-like viruses were detected in intestinal contents from 0.75 to four days after infection and in feces from one to four days after infection. Table I1 shows their distribution in the upper intestinal segments only.
Loss of activity of P-galactosidase occurred in all infected calves throughout the small intestine. Loss of activity was most severe at three and four days after infection; there was some recovery at ten days after infection except in terminal ileum ( fig. 12 ). Xylose absorption after infection, expressed as a percentage of absorption before infection is shown in table 11.
Data correlating the effects of infection are summarized in table 11. There was good correlation between villus height and P-galactosidase activity; whenever villi were shortened, enzyme activity was reduced and, generally, the shorter the villi the greater the reduction in enzyme activity.
Xylose absorption usually correlated with villus Virus infected height. In calves 2 and 16, normal-length villi were associated with good xylose absorption. In calves 8, 10, 1 1, 12, 13, and 15, shortened villi and xylose malabsorption occurred together. Stunted villi were associated with adequate xylose absorption in calves 9 and 14. Xylose absorption did not correlate with P-galactosidase activity.
Virus-infected enterocytes and reduced enzyme activity were both detected at 0.5 days after infection but villus height was normal; enzyme activity remained low and villi stunted when infected cells were absent at three to seven days after infection.
Discussion
This study confirms and illustrates the pathogenicity of Newbury agent for calves. The nature of the lesions and the close correlation between their distribution, the distribution of immunostaining, and the presence of viral particles in intestinal contents suggest that the lesions were a pathogenic effect of the virus and that enterocytes were the site of viral replication. This was not confirmed by identification of viral particles in thin sections of enterocytes examined by transmission electron microscopy, as has been reported in rotavirus-and coronavirus-infected This situation is not unique, however, since Nonvalk virus, which is associated with acute nonbacterial gastroenteritis in man and resembles Newbury agent morphologically, has not been detected in thin tissue sections examined by transmission electron microscopy.' '
The initial lesion, which was detected by scanning electron microscopy and seen before the onset of diarrhea, was separation of the microvilli and apparently was due to enterocyte swelling. Similarly, swollen en-terocytes were seen as the first lesion in rotavirusinfected piglets; swelling was thought to be the result of viral interference with enterocyte m e t a b o l i~m .~' *~~ Enterocyte swelling appeared to be the forerunner of extrusion and exfoliation. Swollen exfoliating enterocytes first were seen at the bases of villi and later scattered over the entire surface. This contrasts with calf rotavirus which has a predilection for the most mature absorptive cells on the distal one-half of the villus.I9
Later in the pathogenic process, as new cells appeared at the bases of villi, abnormal cells were restricted to the villus tips. These abnormal cells were swollen by intracellular vacuoles containing lipid. Similar lipidcontaining vacuoles have been reported in rotavirusinfected pigs13 and coronavirus-infected dogsi6 The cause of an accumulation of intracellular lipid could be defective mechanisms of intracellular transport due to effects of virus infection on cell metabolism.
Newbury agent infection resulted in increased numbers of macrophages in villus lacteals and lamina propria, some of which were degenerate. Newbury agent, however, was not detected in these macrophages either by transmission electron microscopy or immune staining. This is in contrast to coronavirus infections in calves, where a similar macrophage response occurred and some contained viral particles," and rotavirus infections where macrophages containing virions were seen in the villus lamina.2s
The lesions of Newbury agent 'SRV-1 enteropathy were restricted in distribution compared with those of rotavirus and coronavirus which may occur throughout the length of the small i n t e~t i n e '~.~~ and, in coronavirus infections, in the c0l0n.l~ The anterior distribution of lesions may be an effect peculiar to Newbury agent SRV-1; in a preliminary study of calves infected with the Newbury agent SRV-2, lesions were most severe in the middle small intestine.28 Despite the restricted extent of the intestinal damage produced by Newbury agent SRV-1, the clinical effects and changes in xylose absorption were equal to that produced by a virulent strain of rotavirus (Bridger and Hall, unpublished observations).
Crypts throughout the small intestine became lengthened in this viral enteropathy, as in others, '**I9 suggesting that crypt cell production rate had increased. In the anterior jejunum, where enterocyte loss was greatest, villi initially became stunted but returned to normal size between seven and ten days after infection as the rate of cell production exceeded the rate of loss. In the terminal ileum where no virus infection was detected, increased villus height appeared to result from increased enterocyte production in the absence of enterocyte loss. This implies that, following virus damage, which was largely restricted to the jejunum, there was a systemic stimulus to crypt cell mitosis throughout the small intestine. The hormone enteroglucagon has been postulated as a stimulator of small intestinal mucosal growth2 and blood levels are raised in calves following infection with Newbury agent (Hall, unpublished observations).
A good correlation of villus height with P-galactosidase activity was observed in the jejunum although enzyme activity fell more rapidly and was slower to recover than villus height. Virus-infected enterocytes, exfoliating enterocytes, and reduced enzyme activity all were detected at 0.5 days after infection when villus height was normal. It would appear that enterocyte infection, degeneration, and exfoliation rapidly resulted in reduced enzyme activity and that villus shortening occurred more slowly. Other studies have shown enzymology to be a more sensitive indicator of mucosal damage than morphology.' Reduced enzyme activity would be expected during villus regeneration because the enterocytes would be immature cells containing less enzyme.20
The reduced level of activity of @-galactosidase in scrapes from ileum do not appear to correlate with the lack of viral damage at this site. If crypt cell production rate was increased, however, as suggested by lengthened villi, the enterocytes covering the villi would be less mature and thus contain less enzyme.
Xylose absorption correlated with villus height in eight of ten calves. In two calves, reasonable absorption occurred despite the presence of shortened villi. This did not appear to result from restricted distribution of shortened villi; the reason for this observation is unclear.
There was individual variation in the severity of the effects of infection in calves killed at the same time after infection. Calves, subjectively judged to have the most severe lesions and measurably the shortest villi, had greatest loss of enzyme activity and poorest xylose absorption. This variation was not the result of variation of infectious dose since the inocula were prepared from a single pool. There was no evidence of loss of infectivity due to storage since there was no reduction in incubation period in the calves infected with the oldest inocula. There appeared to be individual calf variation in the speed of the pathogenic process.
